Introduction
The hydrogenolysis of CÀOa nd C=Oc hemical bonds in alcohol, ester,a nd carbonylc ompounds over supported metal nanoparticles (NPs) with H 2 is an important reaction used in synthetic organic chemistry and in manufacturing active pharmaceutical ingredients, [1] as well as in biomass conversion in the emerging biorefinery to cleave CÀOH bonds with hydrogen to access valuable platform chemicals. [2] Numerous solid catalysts are available to selectively mediate the scission of CÀ Ob onds with H 2 including supported Ni, [3] PtO [4] (Adamsc atalyst), Rh and Ir, [5] Cu [6] (copper chromite), and Pd catalysts. [7] The reactioni su sually carried out under hydrogen pressure at relativelyh igh temperature (usuallya bove 150 8Ca nd often above 200 8C), promoting NP aggregation. Hence, intense research efforts are being devoted to finding catalysts of stable performance, for example, through encapsulationo fC u, [8] Ni, [9] [10] [11] and Pd [12] NPs in the inner porosity of porouso xides. However, as put by Sameca nd co-workers in 2013, when reporting on the Pd/C-catalyzed transfer hydrogenolysis of primary,s econdary,a nd tertiaryb enzylic alcohols by formic acid, [13] the hydrogenolysis of benzylic alcohols has been studied to al esser extent, with the noticeable exception of Yang and co-workers [14] who reported ac lean and simple method (and proposed ar eaction mechanism based on Pd 0 formation) for the reductived eoxygenation of aromatic ketones andb enzylic alcohols using palladium chloride (PdCl 2 )a st he catalyst, and polymethylhydrosiloxanea st he hydride source.S tarting from conventional palladium on activated charcoal( Pd/C), numerous solid palladium catalysts are available to selectively mediate hydrogenolysis reactions under mild or very mild conditions. However,e ven thought here is broader utilization of said catalysts using valued palladium, it requires that high product yields are achieved by using low catalyst amounts while minimizingleaching 1 of the valued palladium. This is particularly important in light of forthcoming wide utilization of reactionsu nder flow conditions for active pharmaceutical ingredient( API) manufacturing, in which long-term stability of the catalyst is an essential requirement. [15] SiliaCat Pd 0 ,n amely ah ybrid organically modified silica( OR-MOSIL)g lass encapsulatingp alladium NPs, whichc ombines high porosityw ith organic functionality, [16, 17] is ah ydrogenation catalystt hat selectively mediates an umber of important reactions including the highly selectived ebenzylation of aryl benzyle thers, benzyl esters, and benzyla mines, [18] and the hydrogenation of functionalized nitroarenes, [19] olefins, [20] vegetable oils, [21] and squalene. [22] More recently, we reported that the
The new spherical sol-gel hybrid materialSiliaCat Pd 0 selectively mediates the hydrogenolysis of aromatic alcohols, aldehydes, and ketones by using an ultralow catalytic amount (0.1 mol %P d) under mild reaction conditions. The broad reaction scope as well as the catalyst's superior activity and pronounced stabilityo pen the route to green and convenientr eductive deoxygenation processes of primary synthetic relevance in chemical research as well as in the fine chemical and petrochemical industries.
solvent-free hydrogenation of the lattero il requires ac atalyst with nanostructured spherical morphology. [23] In this work, we report that the glassy hybrid spherical SiliaCat Pd 0 materiali sa highly selective mediator for the hydrogenolysis of aromatic alcohols, aldehydes,a nd ketones under very mild conditions, with ultralow amounts of Pd leachingi nt he final product. We comparedt he performance of this new catalystw itht hat of severalc ommercial catalysts including Pd/polyethylenimine/ SiO 2 ,P d/SiO 2 ,a nd Pd/C. SiliaCat Pd 0 is ar ecyclable catalysta nd retains its ideal spherical morphology,t hereby providing research laboratories and industry with as uitable economic methodt om ake substances in high demand at low cost by using an entirely green process.
Experimental Section Materials
All reactions were performed on am ultigram scale, using anhydrous ethanol or solvents of HPLC grade. Unless otherwise noted, reagents were commercially available and used without purification. The commercial palladium catalyst 5% Pd/C (from Sigma Aldrich), ROYER catalyst (3 wt %P d 0 /polyethylenimine/SiO 2 ,f rom Strem Chemicals) and Pd Escat 1351 (5 wt %P d 0 /SiO 2 ,f rom Strem Chemicals) were used as received from the suppliers.
Sample Characterization
Physical properties of the SiliaCat Pd 0 catalyst were determined by using X-ray diffraction (XRD), transmission electron microscopy (TEM), N 2 isotherms, 29 Si MAS NMR spectroscopy,a nd inductively coupled plasma-optical emission spectroscopy (ICP-OES). The XRD analyses were performed on aS iemens D-5000 X-ray diffractometer equipped with am onochromatic Cu Ka radiation source (l = 1.5418). The spectra were recorded in the 2q = 0-308 range for the undoped ORMOSIL support and 2q = 10-908 for the SiliaCat Pd 0 catalyst, in both cases at as can speed of 18 m À and as tep scan of 0.028.T he Powder Diffraction File of The International Centre for Diffraction Data was used to identify the diffraction peaks characteristic of crystalline Pd 0 with af ace centered cubic (fcc) lattice. A tube voltage of 40 kV and ac urrent of 100 mA were used for scanning. The TEM images were taken by using aJ EOL-2010 microscope equipped with aL aB6 electron gun source operated at 200 kV.N itrogen adsorption and desorption isotherms were measured at 77 Kb yu sing aM icrometrics TriStar II 3020 system. The resulting data were analyzed with the TriStar II 3020 version 3.02 software. Barrett-Joyner-Halenda (BJH) desorption branches were used to calculate the pore-size distribution. Solid-state 29 Si NMR spectra were recorded on aB ruker Avances pectrometer (Milton, ON, Canada) at as ilicon frequency of 79.5 MHz. The sample was spun at 8kHz at magic angle at room temperature in a4mm ZrO rotor.AHahn echo sequence synchronized with the spinning speed was used while applying aT PPM15 composite pulse decoupling during acquisition. Atotal of 2400 acquisitions were recorded with ar ecycling delay of 30 s. The leaching of Pd and Si was assessed by ICP-OES analysis of the crude product in DMF (concentration 100 mg mL À1 ), using aP erkinElmer Optima 2100 DV system. Values measured are reported as milligrams of Pd and as milligrams of Si per kilogram of crude product.
GeneralP rocedure for the Catalytic Hydrogenolysis of AromaticAlcohols, Aldehyde and Ketones over SiliaCat Pd 0 Multigram hydrogenolysis reactions of aromatic alcohols, aldehyde, and ketones were carried out in an Ace Glass 6437 system equipped with ab atch glass reactor,u nder am aximum pressure of 3bar H 2 at 70-100 8C. The 500 mL glass reactor was charged with 250 mL reagent solution (375 mmol reagent) and 1.56 gS iliaCat Pd 0 for 0.1 mol %P d. Mechanical stirring was then set at 800 rpm and the reaction mixture degassed five times, replacing three times the vacuum by Ar,a nd twice Ar by H 2 ,a fter which the desired hydrogen pressure was set and kept at 3bar.T he reaction temperature was then raised from 22 8Ct ot he desired reaction temperature and kept at this temperature for several hours until maximum conversion, after which the reaction mixture was cooled to 20 8C. The solid catalyst recovered by filtration was washed, dried, and stored prior to reuse. The isolated yield was assessed by simple isolation of product by rotary evaporator distillation at 20 8C. Thus-obtained products are generally very pure and no further chromatographic purification required.
GC-MS analyses were performed by using a7 890B GC System (Agilent Te chnologies) equipped with aH P-5MS 30 mc apillary column [(5 %-phenyl)-methylpolysiloxane, 0.25 mm inner diameter and 0.25 mmf ilm thickness] and with am ass spectrometer 5977B massselective detector operated in electron impact ionization mode (70 eV). GC-MS analyses were carried out in split mode, using helium as the carrier gas (1 mL min À1 flow rate). The injection temperature was 250 8C, the interface was set at 325 8C, and the ion source was adjusted to 230 8C. The column was maintained at an initial temperature of 50 8Cf or 4.5 min, and then ramped to 325 8C at 100 8Cmin
À1
,w here it was maintained for 5min. Mass spectra were recorded at 5.5 scans s À (m/z 50-550). The identification of the compounds was based on comparison of their retention times with those of authentic samples, and on comparison of their EImass spectra with the NIST/NBS, Wiley library spectra, and the literature.
Results and Discussion
SiliaCat Pd 0 is ah eterogeneous catalyst obtainedt hrough the alcohol-free sol-gelp olycondensation of alkoxysilanes such as methyltrimethoxysilane (MTES). [24] The catalyst, now available in spherical morphology ( Figure 1 ), is comprised of catalytically active Pd NPs encapsulatedw ithin the spherical mesoporous ORMOSIL matrix.
The presence of highly dispersed palladium NPs (ca. 2-4 nm) entrapped within the inner porosity of the lipophilic organosilica matrix [25] was clearly revealed by TEM analysis before and after scale-up catalyst synthesis (Table 1, Figures 2a and 2b) . The crystallinen ature of the active nanophase is evident from the XRD pattern of the catalyst powder (Figure 3 ), characteristic of the fcc structure of metallicPd.
The peaks at 2q = 408 correspond to the most intense diffraction line of the (111)p lane of metallic palladium. Furthermore, the peaks corresponding to diffraction lines relative to the (200) and (220) planeso fP d 0 were detected only after scale-up at 1.6 kg,w hen aw eaka gglomeration of palladium NPs from 2.1 to 3.5 nm was observed ( Figure 3B -C). The amorphousn ature of 100 %M eSiO 1.5 used as an encapsulating matrix was confirmed by the characteristicw ide XRD diffrac- The Brunauer-Emmett-Teller (BET) and BJH values of specific surfacea rea, pore size, and pore volume of the undoped organosilica support and of the SiliaCat Pd 0 catalyst are given in Ta ble 2.
The type IV N 2 adsorption-desorption isotherms of both materials are typical of mesoporousm aterials. [26] The organosilica support ( Figure5shows the 29 Si MAS NMR spectra of the support and of the catalyst. The spectra were analyzed accordingt ot he chemicals hifts of organotrialkoxysilanes,f or which the silicon atomsa ppear as T n band type,w here n is the number of siloxane bonds of the Si atom. [27] The absence of any signal at À40 ppm relatedt oe thoxyg roups derived from non-hydrolyzed MTES, and the presence of signals only at À56 ppm [T 2 , MeSi(OSi) 2 OH] and À66 ppm [T 3 ,M eSi(OSi) 3 ], corresponds to almostc omplete hydrolysis of the MTES organosiloxane precursor. [28] For this study,b enzyl alcohol (BA) was examineda samodel compound carrying out the hydrogenolysis reaction at 30-70 8Ca nd 3bar hydrogen pressure. Other BA derivatives such as a-methylbenzyl alcohol( MBA), an intermediate in the productiono fp ropylene oxide by the ethylbenzene hydroperoxide-oxidation process, were tested as well. In this process, ethylbenzenei sp eroxidized to ethylbenzene hydroperoxide (EBHP) in the first step, [29] and then propylene oxide is obtained by the epoxidation of propylene with EBHP. Duringt he epoxidation step, EBHP turns into a-MBA, whichc an be further hydrogenolysed to ethylbenzene. The hydrogenolysis of MBA is the key step to achieve the recycling process.
Effect of Solvent
Aseries of hydrogenolysis reactions were performedtoidentify the optimum molar concentration of BA solution in MeOH.The molar concentration of BA in the reaction volume (250 mL) was thusi ncreasedf rom 0.4 to 4 m by charging the 500 mL reactor with 250 mL BA solutionf rom 0.4 m (10.81 g, 100 mmol) to 4.0 m (108.14 g, 1000 mmol) and 0.1 mol %P do fS iliaCat Pd 0 .T able 3s hows the outcomes of the hydrogenolysis under tion from 3t o4m required to extend the reactiont ime to 3 and 6h,respectively (entries5-8).
The GC-MSa nalysis showed that, in cases in which conversion of BA to toluenew as incomplete, al arge number of intermediaryp roducts of BA such as benzyl methyl ether,b enzaldehyde, benzaldehyde dimethyl acetal, andb enzyle ther were present in the reactionm ixture ( Figure 6 ). However,t hese intermediary products were completely converted in the final product and no more additional purificationisr equired.
BA solution with ac oncentration of 1.5 m was used to test other solvents including HPLC grade ethanol, tetrahydrofuran, heptanes, ande thyl acetate (Table 4 ). The reactions were run again over 0.1 mol %P dS iliaCat Pd 0 at 70 8Cu nder 3bar H 2 pressure and performed in a3 75 mmolB As cale. The 500 mL reactor was charged with 250 mL BA solution( 1.5 m;3 8.84 mL ). The varietyo fs olvents ranging in polarity from heptane to EtOH worked well in the Pd-catalyzed hydrogenolysis of BA with quantitative conversion to toluene within 0.5-1 h, except for reactioni nE tOAcw ithc omplete conversion in only 2h (entry 5).
Effect of Reaction Temperature
The effects of reaction temperature on the catalytic activity of SiliaCat Pd 0 are shown in Figure 7 , in which toluene yield is plotteda gainst the reaction temperature. Reactions were performed over 0.1 mol %P do fS iliaCat Pd 0 using a1 .5 m BA solution in methanol. As expected, the reactionr ate increases with increasing reaction temperature. After 1hreaction,t he conversion of BA to toluene increases from 36 %a t3 08Ct o1 00 %a t 70 8C. The reaction temperature should,t herefore, be higher than 50 8Ci no rder to obtain ah igh substrate conversion in short reactiontime.
Effect of Reaction Catalyst Loading
By using the conditions developed in entry 1o fT able 4 (375 mmol BA in 250 mL MeOH solution,1 .5 m), the amount of SiliaCat Pd 0 spherical catalystw as decreased from 0.2 to 0.025 mol %P dt oassess its catalytic activity.A gain, the 500 mL reactor was charged with 250 mL of 1.5 m BA methanol solution (375 mmol BA) and solid SiliaCat Pd 0 catalyst (0.24 mmolg À1 Pd loading), varying the amount from 0.2 mol % Pd to 0.025 mol %P d.
Entry 1i nT able 5s hows that the hydrogenolysis of BA over 0.2 mol %P dp roceeds with full conversion to toluenea fter 15 min only.A tl ower palladium loading (0.1 mol %P d), the conversion of BA to toluene was complete after 1h (entry 2).
Further,d ecreasing the palladium reaction loading to 0.05 and to 0.025 mol %, the substrate conversion to toluene was complete after 2and after 6h,r espectively.
Reaction Scope
Av arietyo fb enzylic alcohols and different primary benzylic alcohols containing different functionalities were investigated in the hydrogenolysis reaction( Ta ble6). SiliaCat Pd 0 was thus tested in multigram reactions under 3bar H 2 pressure in methanol (or ethanol) over 0.1 mol %P d. The yields weree valuated by product isolation or by GC-MS.
The optimized reactionc onditions in MeOH at 70 8Cd eveloped in Ta ble 4, entry 1, were first appliedt oh ydrogenolysis of av ariety of primary (entries1-8 in Ta ble 5), secondary (entries 6-14), and tertiary benzylic alcohols (entries [15] [16] [17] [18] [19] to their corresponding hydrocarbons. Once again, the 500 mL reactor was charged with 250 mL of 1.5 m substrate solution in methanolo ri na nhydrous ethanol (375 mmol substrate) using the SiliaCat Pd 0 spherical catalystof0.24 mmol g À1 of palladium loading. In these conditions, BA (1)w as quantitatively reduced to 2 within 1h (entry 1). Substitution of the phenyl group in the para position by electron-donatingg roups under the same reactionc onditions gave the corresponding hydrocarbonsi n lower yields (entries2-6 in Ta ble 5). To increaset he yield in 4- (5)w as quantitatively reduced to 4-aminotoluene (6)i n 61 %y ield and to 4-aminobenzyl alcohol in 39 %y ield within 5h (entry 5). However,t he conversion to 4-aminotolueneh ydrocarbon over 0.2 mol %P do fS iliaCat Pd 0 was quantitative after 3h (entry 6). Entries 7a nd 8s how that substitution of the phenyl group in the para position by an electron-withdrawing group gave the corresponding hydrocarbon in very poor yield. Different secondary benzylic alcohols were then tested. a-MBA (9)i nm ethanolw as reducedt ot he ethylbenzene (10)i n 91 %y ield within 5h at 70 8C( entry 9) and quantitatively within 2h in ethanol at 80 8C( entry 10). Substitution of the methyl group in the a-MBA by an ethyl group in 1-phenyl-1-propanol (11)o rb yaphenyl group in diphenylmethanol (13) gave the corresponding hydrocarbonsinl ower yield.
Dissolved in methanol, 1-phenyl-1-propanol (11)w as reduced to propylbenzene (12)i n8 5% yield within 5h(entry 11) and quantitatively within 3h when dissolved in ethanol (entry 12). Diphenylmethanol (13)d issolved in methanol at 80 8Cw as reduced to diphenylmethane (14)i n5 8% yield within 5h (entry 13) and quantitativelyw ithin the same reaction time by carrying out the reactioni ne thanol (entry 14). Overall,a se xpected, these resultsi ndicate that the reactivity strongly depends on the aromatic alcohol structure, with the activity of the sol-gel SiliaCat Pd 0 catalystc hanging in the order:B A( 1) > a-methylbnenzyl alcohol (9) > 1-phenyl-1-propanol (11) > diphenylmethanol (13) .
The sterici nfluence observed on the activity of Pd/MeSiO 1.5 catalystc an be explained by am echanism in which the aromatic ring of alcohols is first adsorbed on the Pd nanocrystal surfacew ith the CÀOb ond lying in close proximity to catalytically active Pd atoms subject to the steric hindrance of the alcohol substrates. [30] Similarly to what happens for the aromatic alcohol hydrogenolysis reaction over Pd/SiO 2 and Pd/TiO 2 catalysts, [31] the easier reduction of primary (1)v ersus secondarya lcohol substrates (9 or 11)s uggestst hat, for the unhindered BA (1), associative and dissociative hydrogenation mechanisms occurs, whereas the reduction mechanismf or secondary alcohols could take place through ar adicals ubstitution of the carbon-bonded OH group by ah ydrogen atom from the metal surface.
Similar resultsw ere obtained when tertiaryb enzylic alcohols were tested in the hydrogenolysis reaction. Substrate 2-phenyl-2 propanol (15)d issolved in methanola t7 08Cw as reduced quantitativelyt oi sopropylbenzene (16)w ithin 2h,a nd also in ethanol at 80 8C( entries 15, 16), whereas the reduction of the more hindered 1,1-diphenylethanol (17)i ne thanol at 80 8Cg ave the correspondingh ydrocarbon 1,1-diphenylethane (18)i n4 0% yield within 5h over 0.1 mol %P do fS iliaCat Pd 0 (entry 17), and in 87 %y ield when doubling the catalytic amount to 0.2 mol %( entry 18). To avoid the generation of the 1,1-diphenyl-1-ethoxyethane intermediate identified by GC-MS, the reactionw as run in tetrahydrofuran at 80 8C. In this solvent 1,1-diphenylethane( 18)w as generatedo nly in 10 %y ield within 5h(entry 19). Results for bulky tertiary alcohol substrate indicatethat the reactivity once again strongly depends on the aromatica lcohol structure.
Hydrogenolysis of Carbonyl Compounds
We next studied the heterogeneously catalyzed C=Oc leavage reactiono fb oth aryl-substituted aldehydes and ketones over SiliaCat Pd 0 (Table 7) . The catalytic hydrogenolysis of aromatic carbonyls to methylene compounds occurss moothly via the formationo ft he intermediate BA.
[32] Once again, the 500 mL glass reactor was charged with 250 mL of 1.5 m carbonyl compound( 375 mmol) solution in anhydrous solventa nd 0.1 mol %P do fS iliaCat Pd catalyst( 0.24 mmol g À1 Pd loading). In general, the obtained resultss how that the aromatic carbonyl compounds can readily be convertedt ot he corresponding hydrocarbons in excellent yields over only 0.1 mol %P d under 3bar H 2 pressure and 70-80 8C. In addition, the reactions were very clean andn oc hromatographics eparation was required to obtain higherpurity product.
The hydrogenolysis reactiono fb enzaldehyde (19)a nd acetophenone (27)w ere first tested in different solvents (entries 1-5 for benzaldehyde and entries 12-15f or acetophenone, in Ta ble 7) such as methanol, ethanol, tetrahydrofuran, and heptane by using the conditions developed for BA in Ta ble 4 .
In all solvents tested, the quantitative conversions of benzaldehydea nd acetophenone wereo bserved after 1-2 h. The presence of BAs or a-MBA intermediates detected by GC-MS confirmed that the catalytic hydrogenolysis of aromatic carbonyls to hydrocarbon compounds proceeds via the formation of benzylic alcohol intermediates.
Compared to the hydrogenolysis reactionofB A, the catalytic hydrogenolysis of benzaldehyde in different solvents requires longer reaction times. In methanola t7 08C, the conversion to toluene was quantitative within 5h while in THF,h eptanes, and ethanol the conversion was quantitative in almost3h( entries 2-4). As horter reactiont ime of 2hwas obtained in ethanol at 80 8C( entry 5).
Substitution of the phenyl group in the para positionb y electron-withdrawingg roup gave the corresponding hydrocarbons in excellent yields when carrying out the reaction in ethanol at 80 8Co ver 0.1 mol %P dc atalyst. Methyl 4-formylbenzoate (20)w as quantitativelyr educed (99 %y ield) within 2h (entry 6). However,u nder the same conditions, 4-carboxybenzaldehyde (22)w as completely converted within 2h in am ixture of p-toluic acid (24)a nd 4-(hydroxymethyl)benzoic acid (23) [ Eq. (1)],a nd in benzyl ethyl ether intermediate generated by the presence of EtOH in 24, 65, and 11 %y ields, respectively (entry 7). When the reaction temperature was increased to 90 8C( entry 8) and furthert o1 00 8C( entry 9), the yield in ptoluic acid after 3hincreased to 81 %a nd to 100 %, respectively [Eq. (1)]: 4-Carboxybenzaldehyde( 22)i sa bundantly obtained in industry as ab y-product in the terephthalic acid synthesis, mainly as ap recursor to polyethylene terephthalate [33] produced in very large amountsi nt he ninth largest industrial chemicalp rocess. [34] Until now,t he main upgrading step in re- [36] Spherical SiliaCat Pd 0 has am uch better catalytic performance, being capable of catalyzing 4-carboxybenzaldehydet op-toluic acid effectively at 100 8Cu nder 3bar H 2 in five consecutive cycles without a decreasei nc atalytic activity,w hich translates into as ignificant decreasei nt he production cost, as well as in the industrial hazard reduction (FigureS1i nt he Supporting Information).
Finally,e ntries 10 and 11 in Ta ble 7s how that substitution of the phenyl group in the para position by an electron-donating group gave the corresponding hydrocarbon in lower yield.
Also, the catalytic hydrogenolysis of acetophenone (27) i n differents olvents (entries 12-15) requires longerr eaction times when compared to the hydrogenolysis of BA (Table 4) , of a-MBA (Table 6 , entries 10 and 11), and of benzaldehyde ( Table 7 , entries 1-6). In methanol, THF,o rh eptanes at 70 8Cu nder 3bar H 2 pressure, the conversion to ethylbenzene (10)w as 90-96 %w ithin 5h (entries12-14), whereas in EtOH at 80 8C the conversion was quantitative within 3h(entry 15). Substitution of the phenyl group in the para position by electron-donating groups gave the corresponding hydrocarbon in higher yield within 2h,e xcept for 4'-hydroxyacetophenone (30)w hen only 75 %y ield was obtained (entries [16] [17] [18] . When MeOH or EtOH were used as solvents, the GC-MSa nalysis invariably showedt he presence of benzyl alkyl ether,a nd benzaldehyde dialkyl acetal in the reaction mixture eventually converted in the hydrocarbon final product.
Catalyst Stability
The reusability of the catalystw as evaluated in several consecutive multigram hydrogenolysis reactions of 375 mmolo fB A (40.55 g) dissolved in 250 mL MeOH solution (1.5 m)o ver 0.1 mol %P dS iliaCat Pd 0 under 3bar hydrogen pressure at 70 8C. In each consecutive reaction, once the maximum conversion of the BA to toluene wasa chieved, the catalystw as collected by filtration,e xtensivelyw ashed with THF ( 3d uring 10 minutes), dried at room temperature, and reused in as ubsequent cycle. Figure 8s hows that the SiliaCat Pd 0 heterogeneous catalyst was reused in eight consecutive cycles. In the first four consecutive tests, complete conversion was obtained in 2h,a fter which the selectivity to toluene after 2h decreased, now requiring 3h to reach very high selectivity values originally obtained in 2hfrom the 5th through the 8th reactionrun.Weascribe this slight decrease in activity to weak agglomeration of palladium NPs from 2.1 nm to average 6nma fter eight consecutive experiments, as determined by the TEM image ( Figure 9 ).
The spherical SiliaCat Pd 0 catalyst, indeed,i ss table and robust, as shown by the SEM images ( Figure S2 in the Supporting Information) and the N 2 adsorptioni sotherms ( Figure S3 in the Supporting Information) before the 1st anda fter the 8th reactionr un.
The amounts of Pd and Si leached from the SiliaCat Pd 0 duringc atalysis in the isolatedc rude product are presented in Ta ble S1 in the Supporting Information, which wereo btained under differentc onditions after filtration of the catalyst through ICP-OES, [37] and are extremely low.I nd etail,t he amount of leached Pd never exceeds 3ppm, and neither does that of Si with the exception (for the latter metal only) of 1,1-diphenylethanol (entry 7), and fork etones 4'-methoxyacetophenone (entry 12) and 4'-methylacetophenone (entry 14), which are somehow able to extract the metal from the organosilica surface.
SilliaCat Pd 0 versusDifferent Heterogeneous Pd Catalysts
The optimal reactionconditions developed forthe hydrogenolysis reactiono fB Ao ver SiliaCat Pd 0 (0.1 mol %P d, 70 8C, 3bar H 2 on a3 75 mmol scale in the 500 mL reactor) were used to comparet he catalytic activity of the latter material with that of different commercial solidp alladium catalysts including Pd/C, ROYERc atalyst, Pd Escat 1351, as well as with an organically modified aluminosilicate (2. Invariably (Figure 10 ), the SiliaCat Pd 0 showed much higher catalytic activity with complete conversion of BA to toluene after 1h only over 0.1 mol %P da nd after 2h over 0.05 mol % Pd (Table 9 , entries 1a nd 2).
The organically modified aluminosilicate 2.1 wt %P d 0 / MeSiO 1.5 -Al 2 O 3 was the second best catalyst, with complete BA conversion after 3h(entry 3i nT able9).
Under the conditions specified above,t he only commercial catalysts howingr easonable activity was the 5wt% Pd/C catalyst, affording full conversion of BA to toluene after 5h.B oth Pd/SiO 2 (entry 4) and Pd 0 /polyethylenimine/SiO 2 (entry 5) showedm odesta ctivity with 11 and 20 %y ield after 3h, respectively.
We ascribe the highc atalytic activity of the SiliaCat Pd catalyst in the BA hydrogenolysis reaction to its spherical morphology,a sw ell as to the hydrophobic nature of the spherical organosilica material that prevents the accumulation of water formed during the reaction. Excellent robustness and mechanical stabilityadd to the well-known chemicalstabilityofmethylsilica, with the spherical catalystc ontributinge xcellent stability to the catalytic activity.
Conclusions
The hybrid sol-gel SiliaCat Pd 0 materialw ith as pherical morphologyi sahighly selective mediator for the hydrogenolysis Figure 10 . Benzyl alcohol hydrogenolysis to toluenemediated by different palladium solid catalysts. Table 9 . Hydrogenolysis reaction of BA over different heterogeneous catalysts.
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